Activation of Akt/PKB by growth factors requires multiple phosphorylation events. Phosphorylation of Thr 308 and Ser 473 of Akt by its upstream kinase(s) or autophosphorylation is critical for optimal activation of its kinase activity. Here, we present evidence that tyrosine phosphorylation is required for Akt activation. Epidermal growth factor treatment induces tyrosine phosphorylation of Akt in COS1 and PC3M cells, which is abrogated by PP2, a selective inhibitor for Src family tyrosine kinases. Elevated Akt activity is observed in v-Src transformed NIH3T3 cells, which is accompanied with increased tyrosine phosphorylation of Akt. Akt activity induced by growth factors is significantly reduced in SYF cells lacking Src, Yes, and Fyn, which can be restored by introducing c-Src, but not the kinaseinactive Src, back to these cells. Furthermore, we have identified two tyrosine residues near the activation loop of Akt that are important for its activation. Substitution of these residues with phenylalanine abolishes Akt kinase activity stimulated by growth factors. These two YF mutants fail to block Forkhead transcription factor activity in 293 cells and are unable to prevent apoptosis induced by matrix detachment. Our data suggest that, in addition to phosphorylation of Thr 308 and Ser 473 , tyrosine phosphorylation of Akt may be essential for its biological function.
tophosphorylation or by an as yet unidentified PDK2 is required for maximal activation of the kinase activity. Recent studies (7) (8) (9) (10) (11) (12) suggest that tyrosine kinases may also play an important role in activation of Akt. Several groups reported that Syk and Btk are required for B cell antigen receptormediated activation of Akt in B lymphocytes (7, 8) . Akt activity is reduced in osteoclasts isolated from c-Src-deficient mice (9, 10) . Akt activity is up-regulated in Src-transformed cells and is activated by v-Src in a coexpression system in both insect Sf9 cells and mammalian cells (11, 12) . However, the mechanisms by which these tyrosine kinases regulate Akt activity is not understood yet. Since tyrosine phosphorylation of Thr/Ser kinases such as PKCs has been reported to be important for its activation (13, 14) , we investigated the role of tyrosine phosphorylation in the regulation of Akt activity. Here, we present evidence that tyrosine phosphorylation of Akt is required for Akt activation in response to growth factors. Mutation of two tyrosine residues near the activation loop of Akt completely abolishes its kinase activity induced by growth factors. Interestingly, these two tyrosine residues are conserved in many Ser/Thr kinases, and phosphorylation of the corresponding residues Tyr 512 and Tyr 523 in PKC␦ has been shown to be critical for PKC␦ activation in response to H 2 O 2 (14) , suggesting that tyrosine phosphorylation of these two tyrosine residues may be a general mechanism by which these kinases are regulated.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-293, COS1, and NIH3T3 cells (from ATCC) were maintained in DMEM with 10% fetal bovine serum. 3T3-vSrc cells were kindly provided by Dr. W. Tao at the University of Minnesota. The SYF cells are a generous gift of Dr. P. Soriano of the Fred Hutchinson Cancer Research Center. Purified c-Src and PTP␤ were purchased from Upstate Biotechnology Inc. Akt in vitro kinase kit, anti-active caspase-3, and anti-phospho-MAPK were purchased from Cell Signaling Technology, Inc. Polyclonal Akt antibody was described previously (15) . Anti-HA antibody was from Babco.
Plasmids and Transfections-pCMV6-HA-Akt, HA-Akt-KM, and myr-Akt were kindly provided by Dr. Philip Tsichlis. Site mutagenesis was carried out by using the polymerase chain reaction-based approach described previously (16) . Mutations were all confirmed by sequencing. Transfections were performed by using Fugene 6 (Roche Molecular Biochemicals) or LipofactAMINE 2000 (Life Technologies, Inc.) according to the manufacturer's instructions. At 24 h posttransfection, the cells were serum-starved for 24 h followed by treatment as indicated in the legends of Figs. 1 and 2 .
Immunoprecipitation, Western Blot, and in Vitro Kinase Assay-The transfected cells were lysed in the buffer (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerol phosphate, 1 mM Na 3 VO 4 , 1 g/ml aprotinin, 1 g/ml leupetin, and 1 mM phenylmethylsulfonly fluoride). Insoluble material was removed by centrifugation, and antibodies were added to lysates for 1 h at 4°C. Antibodies were collected with protein A-and protein G (1:1)-Sepharose beads, and protein complexes were washed three times at 4°C with the lysis buffer. Immunoprecipitates were divided equally into two aliquots: one for kinase assay and the other for Western blot. The Akt immunoprecipitates were resuspended in nonreducing SDS sample buffer, which will minimize the interfer-* This work was supported by Grant 9960296Z from the American Heart Associatoin and National Institutes of Health Grant CA85380 (to Y. Q.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
ʈ To whom correspondence should be addressed: Depts. ence of IgG, and resolved by SDS-polyacrylamide gel electrophoresis. Immunoblotting was performed as described previously (17) . Akt in vitro kinase assays were performed as reported by Franke et al. (15) . Briefly, anti-HA immunoprecipitates were washed twice with kinase buffer (25 mM Tris, pH 7.5, 5 mM ␤-glycerol phosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 ). The immune complex was then incubated at room temperature for 15 min in 30 l of the kinase buffer with 0.1 g/ml histone 2B, 2 M ATP, and 10 ci of [␥-32 P]ATP. The reaction was separated by 12% SDS-polyacrylamide gel electrophoresis. After the gels were dried, the phosphorylation of histone-H2B was visualized by autoradiography. For measurement of endogenous Akt activity, equivalent amounts of protein (determined by Bradford assay) were immunoprecipitated with anti-PKB/Akt antibody prebound to protein A-Sepharose beads, and kinase assays were carried out according to the instruction manual of the Akt Kinase Assay Kit (Cell Signaling Technology, Inc.). GSK-3 fusion protein was used as a substrate for PKB/Akt. The phosphorylated GSK-3 was detected by Western blot using phospho-GSK-3 (Ser 21/9) antibody. Src in vitro kinase assays were performed according to manufacturer's instructions (Upstate Biotechnology Inc.).
Transient Transfection Reporter Assays-293 cells grown in a 12-well plate were transfected with 3XIRS (a luciferase reporter under the control of triple insulin-responsive sequence), empty vector, or FKHR expression plasmid and HA-tagged Akt or its mutants. Luciferase assays were performed as reported previously (18) .
Detachment and Apoptosis-At 24 h posttransfection, MDCK cells were detached by using trypsin/EDTA, washed, and resuspended with DMEM supplemented with 5% fetal bovine serum. Cells were maintained in suspension in poly-(2-hydroxyethyl methacrylate) (poly-HEMA)-coated 100-mm Petri dished. Coating was carried out with two rounds of 0.24 mg/ml poly-HEMA in ethanol and subsequent washing with DMEM. MDCK cells were kept in suspension for 12 h (19). The cells were then stained by Annexin V-PE (PharMingen) according to the manufacturer's procedure and the number of Annexin V-positive and GFP-positive cells was determined by flow cytometry. The number of the apoptotic cells was normalized with the transfection efficiency for each sample.
RESULTS
Treatment of COS1 and prostate cancer cell line PC3M with EGF induces tyrosine phosphorylation of Akt, which is correlated with increased Akt kinase activity (Fig. 1a) . The effect of EGF is inhibited by PP2, a selective inhibitor for Src family tyrosine kinases. Similar observations are obtained in COS1 cells transiently expressing HA-tagged Akt (Fig. 1b) , while MAPK activity induced by EGF is not affected by PP2. We also examined the endogenous Akt activity in v-Src-transformed NIH3T3 cells. As shown in Fig. 1c , accompanied by its tyrosine phosphorylation, Akt kinase activity is dramatically increased in v-Src-transformed NIH3T3 cells in comparison with the parental cell line. These results prompted us to examine Akt activation in response to growth factors in SYF, a cell line lacking Src, Yes, and Fyn (20) . In Fig. 1d , treatment of SYF cells with 5 ng/ml platelet-derived growth factor or 50 ng/ml EGF failed to stimulate endogenous Akt activity. Akt activity is restored by introducing wild-type c-Src but not kinaseinactive Src (SrcKD), back to these cells. Taken together, these data suggest that Src family tyrosine kinases may enhance Akt activation by a tyrosine phosphorylation-dependent mechanism.
To further demonstrate that Src kinases may directly regulate Akt activity, we tested whether Src is able to induce tyrosine phosphorylation of Akt in a cotransfection experiment. As shown in Fig. 2a , HA-tagged Akt is highly tyrosine-phosphorylated in the presence of a constitutively active Src (Src527F) but not kinase-inactive Src (Src-KD). Tyrosine phosphorylation of Akt is correlated with its increased kinase activity, evidenced by in vitro kinase assays using histone 2B as a substrate. Akt activity induced by Src is inhibited by the PI 3-kinase inhibitor LY294002, although the tyrosine phosphorylation of Akt remains unchanged. This is in agreement with previous observations that PI 3-kinase activity is required for Akt activation and that Src can up-regulate PI 3-kinase activity (11, 15, 21) . However, in SYF cells, Src527F can still significantly enhance the kinase activity of a membrane-bound myristoylated Akt (myr-Akt) without affecting the phosphorylation of Thr 308 (Fig. 2b) , while a constitutively active PI 3-kinase p110CAAX has little effect on the kinase activity of myr-Akt, which is consistent with the previous observation that the activity of myr-Akt is independent of PI 3-kinase (22) . These data raise the possibility that Src527F may regulate Akt activity through additional mechanism(s) in which PI 3-kinase is not involved and most likely by directly phosphorylating Akt. To define the potential tyrosine phosphorylation sites on Akt induced by Src, we were particularly interested in looking for those highly conserved tyrosine residues near the activation loop or C-terminal regulatory region. These tyrosine residues are often subjected to regulation by phosphorylation and more likely play a critical role in regulation of this highly conserved kinase family. Alignment of the subdomains VII and VIII of the kinase domains of Akt family from several organisms revealed three evolutionarily conserved tyrosine residues Tyr 315 , Tyr 326 , and Tyr 340 , which are close to the activation loop of Akt kinases (Fig. 2c) . To test whether these tyrosine residues are important for regulation of Akt activity, we substituted these residues with phenylalanines. As shown in Fig. 2d , while mutation of Tyr 340 has little effect on either tyrosine phosphorylation or kinase activity of Akt induced by Src527F, substitution of Tyr 315 or Tyr 326 with a phenylalanine, respectively, dramatically reduces both the tyrosine phosphorylation and kinase activity of Akt. The combination of these two mutations abolishes Src-induced tyrosine phosphorylation of Akt as well as its . myr-HA-Akt was cotransfected with vector, p110CAAX, or Src527F into SYF cells. At 24 h posttransfection, the cells were serum-starved for 6 h. Akt activities were then assayed as in Fig. 1b . c, alignment of the subdomains VII and VIII of the kinase domains of Akt family kinases. The conserved tyrosine residues and Thr 308 were highlighted and numbered according to mouse Akt1 sequence. d, the effect of mutation of the conserved tyrosine residues on tyrosine phosphorylation and kinase activity of Akt induced by Src527F. HA-tagged Aktwt or its derivatives carrying substitution of tyrosine residue(s) at the indicated position with phenylalanine(s) were cotransfected with Src527F. The cells were treated as in a and e. The effect of tyrosine residue mutation on EGF-induced Akt activity and tyrosine phosphorylation. HA-tagged Aktwt or its mutants was transfected into COS1 cells. After 24 h of serum starvation, the cells were treated with 100 ng/ml EGF for 10 min. Immunoprecipitation and IVK were performed as in Fig. 1b kinase activity. Similar results are obtained when we examine the effect of EGF on these mutants in COS1 cells (Fig. 2e) . Interestingly, EGF-induced phosphorylation of Thr 308 of all these YF mutants is largely unaffected, suggesting that the phenylalanine substitution has not perturbed the local conformation of the kinase domain. The lack of Akt kinase activity in the double mutant is more likely due to loss of tyrosine phosphorylation, which may be required for kinase activation. This is further corroborated by our data from the following in vitro kinase assays. As shown in Fig. 2f , treatment of tyrosinephosphorylated Akt with a phosphotyrosine-specific phosphatase PTP␤ reduced both the tyrosine phosphorylation and kinase activity of Akt, while phosphorylation of Thr 308 remains unchanged. Furthermore, purified c-Src can induce phosphorylation of purified kinase-inactive GST-Akt-KM, and this phosphorylation is inhibited by PP2 (Fig. 2g) . However, the mutant Akt carrying 315F/326F mutations (GST-Akt-KM/ 315F/326F) can no longer be phosphorylated. Taken together, these data indicate that Akt is a direct substrate of Src both in vivo and in vitro and that tyrosine phosphorylation of Akt is essential for its full activation by growth factors.
To address whether tyrosine phosphorylation of Akt is required for its biological function, we first examined the effects of the Akt mutants carrying mutations at these tyrosine residues on the activity of Forkhead transcription factor, which is phosphorylated and negatively regulated by Akt in many cell types (18, 23, 24) . As shown in Fig. 3a , cotransfection of wildtype Akt with FKHR into 293 cells inhibits FKHR transcription activity measured by the luciferase activity under the control of a promoter containing the FKHR recognition motif IRS. AktY326F has little effect on FKHR transcription activity, which is correlated with its poor kinase activity. The mutant AktY315F/Y326F and kinase-inactive mutant Akt-KM show strong dominant-negative effects on endogenous Akt and enhance FKHR transcription activity, consistent with complete loss of kinase activity in these mutants. The stronger inhibition by the double mutant over Akt-KM is possibly due to a slightly higher expression level of AktY315F/Y326F than Akt-KM. These data suggest that tyrosine phosphorylation of Akt is required for inhibition of FKHR transcription activity. Since one of biological consequences of inhibiting FKHR is to promote cell survival, we next examined whether tyrosine phosphorylation of Akt is required for its anti-apoptotic effect. Fig. 3b shows that about 42% MDCK cells undergo apoptosis upon detachment from matrix as evidenced by increased Annexin V staining and activation of caspase-3. Overexpression of a constitutively active myristoylated Akt (myr-Akt) significantly reduces cell death to 26%, in agreement with previous studies (19) . However, myr-AktY315F/Y326F fails to block the cell death and renders more than 50% of the cells susceptible to detachment induced apoptosis. Therefore, the integrity of these two tyrosine residues seems to be important for Akt's antiapoptotic function. As another functional assay for Akt, we examined the effect of myr-Akt and its derivative on the growth of MDCK cells. Overexpression of myr-Akt results in enhanced proliferation of MDCK cells, while myr-AktY315F/Y326F has a dominant-negative effect on cell growth (data not shown). Our data suggest that tyrosine phosphorylation of Akt may be critical for its biological functions.
DISCUSSION
In general, phosphorylation plays an essential role in regulation of the function of virtually all kinases. With no exception, Akt is also regulated by several phosphorylation events. In this report, we demonstrated that, in addition to phosphorylation of Thr 308 and Ser 473 , tyrosine phosphorylation may also play an important role in regulation of Akt activity. This notion is supported by our observation that EGF-induced tyrosine phosphorylation and kinase activity of Akt are both blocked by a Src family tyrosine kinase inhibitor PP2 in several cell lines tested as well as in SYF cells, and activation of Akt in response to EGF (50 ng/ml) or platelet-derived growth factor (5 ng/ml) is severely impaired and can be restored by cotransfection with c-Src but not kinase-inactive Src. These data suggest that Src family kinases may be required for Akt activation in response to growth factors in these cells. This is corroborated by our observation that Src527F can further enhance the kinase activity of myr-Akt, which is shown to be independent of PI 3-kinase. We also identified two tyrosine residues Tyr 315 and Tyr 326 , which can be phosphorylated by Src both in vivo and in vitro. The substitution of these two tyrosine residues with phenylalanines renders Akt's loss of both tyrosine phosphorylation and kinase activity in response to growth factors. As a consequence, these Akt mutants can no longer inhibit their downstream target FKHR transcription activity and fail to promote cell survival. In this study, we demonstrated that the tyrosine kinase Src is able to phosphorylate Akt both in vivo and in vitro; therefore, Src family kinases may directly regulate Akt activity through a tyrosine phosphorylation-dependent manner rather than solely depends on activation of PI 3-kinase as suggested previously. Tyr 315 lies in the activation loop, and phosphorylation of this residue may have a similar impact on (25) . Tyr 326 is closed to subdomain VIII and more likely involved in stabilizing the substrate. Based on the fact that several residues preceding to Tyr 326 are predominantly negative charge amino acids, and the preferred substrates for Akt all carry positively charged RXRXXS motifs, it is possible that phosphorylation of Tyr 326 will allow the kinase form a more stable complex with its substrate(s) and enhance its catalytic activity. It is likely that other tyrosine kinases such as Syk or Btk family kinases may also be involved in Akt phosphorylation in different cell contexts or responding to different stimuli, since lack of B cell antigen receptor-mediated activation of Akt in SykϪ/Ϫ or BtkϪ/Ϫ B lymphocytes has also been reported (7, 8) . Given that these two tyrosine residues are highly conserved among all Akt isoforms, we anticipate that such regulation may also be applicable to other Akt isoforms. It is noteworthy that these two tyrosine residues are conserved in about 50% of Ser/Thr kinases, and phosphorylation of the corresponding residues Tyr 512 and Tyr 523 in PKC␦ has been shown to be critical for PKC␦ activation in response to H 2 O 2 (14) , suggesting that tyrosine phosphorylation of these two tyrosine residues may be a general mechanism by which these kinases are regulated. The level of detectable tyrosine phosphorylation of these kinases may depend on cell contexts and likely be affected by the content of tyrosine phosphotase(s). Our preliminary data show that phosphotyrosine is detectable after alkali treatment by two-dimentional electrophoretic analysis of in vivo 32 P i -labeled Akt purified from EGF-treated COS1 cells (data not shown). Our current model for activation of Akt in response to growth factors is that multiple upstream events are required for Akt to achieve fully activated and biologically functional including: 1) translocation to the plasma membrane by binding to PI 3-kinase generated phospholipids, 2) phosphorylation of Thr 308 and Ser 473 , and 3) phosphorylation of Tyr 315 and Tyr 326 . However, the tyrosine phosphorylation and threonine/serine phosphorylation appear to be independent events, since AktY315F/Y326F is still phosphorylated at Thr 308 and AktT308A/S473A is also tyrosine-phosphorylated (data not shown). Our data suggest that, in addition to phosphorylation of Thr 308 and Ser 473 , tyrosine phosphorylation of Akt may be required for its full activation and biological functions. The mechanisms by which extracellular stimuli regulate Akt activity are actually far more complex than we previously thought and appear to be controlled by more than the PI 3-kinase-dependent pathway(s). We anticipate that more factors involved in regulation of Akt will be discovered in the future.
